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Abstract
Levantine intermediate water (LIW) is formed in the Levantine Sea (East-
ern Mediterranean) and spreads throughout the Mediterranean at inter-
mediate depths, following the general circulation. The LIW, characterized
by high salinity and relatively high temperatures, is one of the main con-
tributors of the Mediterranean Overturning Circulation and inﬂuences the
mechanisms of deep water formation in the Western and Eastern Mediter-
ranean sub-basins. LIW also aﬀects the ecological system (e.g. the depth
of the nutricline) and the Mediterranean Outﬂow into the Atlantic Ocean,
hence in some extent, world climate.
In this study, the LIW and Levantine deep water (LDW) formation pro-
cesses are investigated using Argo ﬂoat data from 2001 to 2017 in the
Northwestern Levantine Sea (NWLS), the larger area around Rhodes Gyre
(RG). To ﬁnd pronounced events of LIW and LDW formation, more than
800 Argo proﬁles were analyzed visually. Events of LIW and LDW for-
mation captured by the Argo ﬂoat data were compared to buoyancy, heat
and freshwater ﬂuxes, sea surface height (SSH), and sea surface temper-
ature (SST). All pronounced events (with a mixed layer depth (MLD)
deeper than 250 m) of dense water formation were characterized by low
surface temperatures and strongly negative SSH. The formation of in-
termediate water with typical LIW characteristics (potential tempera-
ture>15 ℃, salinity>39 psu) occurred mainly along the Northern coast-
line, while LDW formation (13.7 ℃<potential temperature<14.5 ℃, 38.8
psu<salinity<38.9 psu) occurred during strong convection events within
temporary and strongly depressed mesoscale eddies in the center of RG.
This study reveals and conﬁrms the important contribution of boundary
currents in ventilating the interior ocean and therefore underlines the need
to rethink the drivers and contributors of the thermohaline circulation of
the Mediterranean Sea.
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Chapter 1
Introduction
The Mediterranean Sea (Figure 1.1) is composed of two basins of nearly equal size,
the Western and the Eastern Mediterranean Sea, connected by the Sicily Channel.
The general circulation of the Mediterranean Sea can be divided into three dominant
scales of motion: the basin scale including the thermohaline circulation, the sub-basin
scale including permanent and quasipermanent cyclonic and anticyclonic gyres, and
the mesoscale with small but energetic temporary eddies ([3,10], Figure 1.2). All these
scales are interacting.
Figure 1.1: The Mediterranean Sea and its mayor sub-basins and straits. Shaded areas
indicate depths less than 200 m. Boxes 1-4 (Rhodes Gyre, Cretan/Aegean Sea, South
Adriatic, Gulf of Lions) show the Mediterranean deep dense water formation sites which
in the prevailing view are driving the thermohaline circulation of the Mediterranean Sea.
Adapted from [1].
1
Figure 1.2: Length and time scales of oceanographic features. Adapted from [2].
Through the Strait of Gibraltar, the relatively fresh Atlantic water (AW) enters
the Western Mediterranean Sea within the upper 100 to 200 m (Figure 1.3). It is
modiﬁed ﬂowing eastward, passes the Sicily Channel and the Ionian Sea and enters
the easternmost part of the Mediterranean, the Levantine Sea. The salinity of the
AW in the Levantine Sea depends on the circulation patterns during its path, mainly
inﬂuenced by the variability of the circulation of the North Ionian Gyre (NIG) which
varies signiﬁcantly at seasonal and decadal scales ([11–13], Figure 1.4a).
Due to evaporation and air-sea exchanges, the AW is becoming saltier and warmer
when reaching the Levantine Sea. The AW that enters the Levantine Sea is identiﬁed
by a subsurface minimum of S<38.6 psu and by a temperature of 14-15 ℃. The
Levantine intermediate waters (LIW) properties are deﬁned by salinity values greater
than 39 psu, potential temperature values greater than 15 ℃ and potential density
values between 29 and 29.05 kgm−3, while typical ranges for Levantine deep water
(LDW) are 13.7-14.5 ℃ and 38.8-38.9 psu [9].
2
Figure 1.3: Water mass exchanges at the Strait of Gibraltar.
The strong advective surface salinity preconditioning [14] and buoyancy losses due
to heat and freshwater ﬂuxes in winter lead to dense water formation, sinking takes
place, and the LIW is formed (Figure 1.4a). The LIW is characterized by a subsurface
salinity maximum and occupies and moves in the intermediate layers between 200 and
600 m throughout the Mediterranean Sea until it reaches the Atlantic Ocean through
the Strait of Gibraltar. Therefore, the LIW contributes as an important driver to
the thermohaline circulation of the Mediterranean Sea. The speciﬁc pathways of the
thermohaline circulation depend strongly on where and when the LIW is formed.
According to the prevailing view, the LIW formation takes place within the cyclonic
Rhodes Gyre (RG) during the winter months ([3, 15], Figure 1.4a). However, exper-
imental studies showed that the RG is also a place of LDW formation and that the
Levantine basin is a site of multiple and diﬀerent water mass formation processes
[9, 16, 17]. Furthermore, recent theoretical models revealed that no net mean sinking
takes place within Mediterranean convection sites such as the RG, while boundary cur-
rents undergo net intense sinking ([5, 18–22]; mean from 1980 to 2013 for all seasons;
Figure 1.4c). This is due to vorticity dynamics: Only dissipation at the boundary
(and bottom friction) can balance the vortex stretching that arises from vertical mo-
tions induced by net sinking (see Chapter 2:Theory).
The pathway of sinking water masses depends also on the bathymetry (Figure 1.5),
following isopycnals or/and the continental shelf slope and ﬁlling the basins of the
Levantine Sea with dense and cold waters, called Eastern Mediterranean Deep Water
(EMDW).
The focus of the study is on the Northwestern Levantine Sea (NWLS; latitude: 33
◦-37 ◦, longitude: 26 ◦-32 ◦; yellow rectangle in Figure 1.4b), the larger area around
the RG, including also the area along the Northern coast.
The NWLS is characterized by a general cyclonic surface circulation and the presence
of the permanent RG, cyclonic and anticyclonic structures (such as Ierapetra (IG)
and Mersa-Matruh Eddy (MME)), intense jets (such as the Mid Mediterranean Jet
(MMJ); with minimum subsurface salinity values), a strong coastal current along the
Northern coastline (the Asia Minor Current (AMC)), and the passage from the Cretan
to the Levantine Sea ([4], Figure 1.4b).
3
Figure 1.4: a) General concept of the thermohaline circulation which, according to the
prevailing view, is driven by a few convection sites within the Mediterranean Sea, adapted
from [3]. The red arrow shows the entering Atlantic water (AW) while the orange arrow
shows the Levantine intermediate water (LIW), which travels throughout the Mediterranean
and ﬂows into the Atlantic Ocean. The orange and yellow frames highlight the area of the
Levantine Sea and of the Northwestern Levantine Sea (NWLS), respectively. The blue circle
indicates the position of the North Ionian Gyre (NIG) the circulation of which is important
for the advective salinity preconditioning. b) Mean surface geostrophic circulation in the
Levantine Sea from 1992 to 2010 derived from drifter data. The yellow rectangle indicates
the area of study, the NWLS (latitude: 33-37◦, longitude: 26-32◦). Adapted from [4].
AMC-Asia Minor Current; CC-Cilician Current; CE-Cyprus Eddy; EE-Egyptian Eddies;
IE-Ierapetra Eddy; LEC-Libyo-Egyptian Current; LTE-Latakia Eddy; MME-Mersa-Matruh
Eddy; MMJ-Mid Mediterranean Jet; ShE-Shikmona Eddy. c) A model run from 1980 to
2013 [5] showed that little to no net sinking takes place at convection sites (blue arrows;
from left to right: Gulf of Lion, South Adriatic, Aegean Sea, Rhodes Gyre (RG)) while
boundary layer currents undergo net intense sinking (brown arrows). The yellow rectangle
indicates the area of study. Adapted from [5].
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Figure 1.5: Bathymetry of the Levantine Sea in 500 m steps
The study aims to describe where and when LIW and LDW formation take place
within the NWLS, using Lagrangian Argo ﬂoat data over a period of 16 years, i.e.
from the ﬁrst deployments of Argo ﬂoat data in the speciﬁed area. The results were
compared to heat and freshwater ﬂuxes and satellite data (SSH, SST).
Dense water formation processes occur on daily scales and are linked to temperature
and salinity extrema which are not represented using climatological data sets or mixed
layer depth (MLD) detection algorithms. Therefore, more than 800 Argo ﬂoat pro-
ﬁles from 2001 to 2017 were analyzed visually to investigate LIW and LDW formation
during winter months.
The thesis is divided into chapters and sections: In Chapter 2, the theory, and in
Chapter 3, data sets and analysis methods are presented. In Section 4.1, the Argo
ﬂoat statistics of ﬂoat speed, residence time, MLD and ocean heat content are shown.
In Section 4.2.1, the time evolution of heat, freshwater and buoyancy ﬂuxes from
2001 to 2017 for the center of the RG are shown to identify periods of extreme heat
losses due to outbreaks of strong cold and dry winds leading to dense water formation.
Section 4.2.2.1 gives two examples of LDW formation within the RG and one example
of typical LIW formation along the Northern coastline and characterizes the newly
formed water masses. In Section 4.2.2.4, intermediate water mass characteristics are
shown for diﬀerent areas within the entire Levantine Sea. Chapter 5 gives an overall
discussion and summarizes the major results.
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Chapter 2
Theory
The ocean is a complex and turbulent system, therefore it is astonishing that pro-
nounced circulation patterns such as the Gulf Stream, large gyres, mesoscale eddies
and upwelling at the equator or along eastern coastlines, can be explained by basic
physical forces such as the pressure gradient forces, frictional forces and the Coriolis
force.
Conservation laws lead to the basic equations of ﬂuid motion: The conservation of
mass leads to the continuity equation, the conservation of energy leads to the heat
budgets, the conservation of mechanical energy leads to the wave equation, the con-
servation of momentum leads to the (momentum) Navier-Stokes equation and the
conservation of angular momentum leads to the conservation of vorticity [2,6,23–25].
This chapter will describe two theoretical concepts used in the thesis: the geostrophic
approximation, derived from the Navier-Stokes equation, for the calculation of Sea
Surface Height (SSH) by satellite altimetry and the conservation of potential vorticity
for describing the sinking of water masses along boundary currents.
2.1 Navier-Stokes equation
The Navier-Stokes equation describes the Lagrangian movement of an individual par-
ticle. The Lagrangian description of motion follows a ﬂuid element, therefore the
Lagrangian (material) derivative is the local rate of change at a given point plus the
advective derivative.
δu
δt
+ (u∇)u︸ ︷︷ ︸
1
= −1
ρ
∇p︸ ︷︷ ︸
2
+ ν∇2u︸ ︷︷ ︸
3
+ g︸︷︷︸
4
+2(Ω× u)︸ ︷︷ ︸
5
1. Lagrangian derivative composed of the local rate of change and the advective
derivative; u = (u, v, w) is the velocity vector.
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2. Gradient pressure force; ρ is the seawater density and ∇p the pressure gradient
3. Frictional force; ν is the kinematic viscosity
4. Gravity force; g is the vector of gravity acceleration
5. Coriolis force; Ω is the angular velocity vector of the Earth rotation
A scale analysis discusses the orders of magnitude and estimates the relative sizes
of the diﬀerent terms. A scale for every variable is introduced, with a representative
numerical value (e.g. time, velocity, length scale). The scale values vary with every
application.
Dimensionless numbers such as the Rossby Ro, the temporal Rossby RoT , the Ekman
Ek and the Richardson Ri numbers, indicate the ratio of forces [25].
2.2 Geostrophic Approximation
If we assume a homogenous ﬂuid (ρ = const.), ignore frictional eﬀects and assume that
the Coriolis acceleration dominates the various acceleration terms, the geostrophic
approximation can be made (Ro≪ 1, RoT ≪ 1, Ek ≪ 1), i.e. the horizontal pressure
gradient force balances the Coriolis force:
−f · v = 1
ρ
· δp
δx
+f · u = 1
ρ
· δp
δy
0 = −1
ρ
· δp
δz
where f = 2ωsinϕ is the Coriolis parameter with latitude ϕ.
The continuity equation, that derives from the conservation of mass, with the
Boussinesq approximation (ρ′ ≪ ρ) can be written as:
δu
δx
+
δv
δy
+
δw
δz
= 0
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The vertical derivative of the horizontal velocity is zero. This result is known as
the Taylor-Proudman-Theorem and means that the horizontal velocity ﬁeld has no
vertical shear and all particles move in concert, indicating the typical vertical rigidity
of rotating homogenous ﬂuids.
The velocity vector (u, v) is perpendicular to the pressure gradient vector, therefore
the ﬂow is not down-gradient, but across-gradient. All ﬂuid-elements ﬂow along lines
of constant pressure (isobars) with the geostrophic velocity (u, v):
u =
−1
ρf
· δp
δx
, v =
+1
ρf
· δp
δy
The geostrophic velocity depends on the latitude ϕ and on the horizontal pressure
gradient ∇p and increases with growing pressure gradient. At the equator the hori-
zontal component of the Coriolis force is zero and the equation is not applicable.
The current speed is proportional to the slope of the horizontal pressure gradient
force, i.e. to the slope of the sea surface. The ﬂow is barotropic, i.e. that lines of
constant p and ρ are parallel. The resulting currents ﬂow along the contour lines of
sea surface height (SSH; barotropic ﬂow), so that sea level is high on the right (left)
of the ﬂow direction in the Northern (Southern) hemisphere (Figure 2.1). The SSH
anomaly allows the calculation of the geostrophic currents at the surface by satellite
altimeters (as used in this study) [26].
In reality, due to frictional forces and density diﬀerences, the ﬂow is baroclinic and
lines of constant p and ρ are not parallel. Therefore upwelling (downwelling) occurs
within cyclonic (anticyclonic) gyres and eddies, leading to anticylonic warm-core and
cyclonic cold-core eddies (for the Northern hemisphere; Figure 2.2).
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Figure 2.1: Description of the geostrophic balance for the Northern hemisphere (PFG-
Pressure gradient force; CF-Coriolis force). a) Looking down onto the ocean. b) Looking at
a cross-section [6].
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Figure 2.2: Constant pressure surfaces p0 and the interface between two water masses of
density ρ1 and ρ2 for the Northern hemisphere. Left: Anticyclonic motion, warm-core eddy.
The sea surface p0 slopes up toward the center of the warm-core ring, while the constant-
density surfaces slope down toward the center. Right: Cyclonic, cold-core eddy. The sea
surface p0 slopes down toward the center of the cold-core ring, while the constant-density
surfaces slope up toward the center [6].
2.3 Potential Vorticity
The conservation of angular momentum leads to the conservation of vorticity. The
potential vorticity q couples changes in depth H (due to water column stretching or
squeezing), changes in relative vorticity ζ (due to ﬂuid circulation) and changes in the
Coriolis parameter f (changes with latitude due to the earth rotation).
q =
f + ζ
H
The potential vorticity q has to be conserved.
• To conserve potential vorticity for a barotropic ﬂow over a sea mountain (squeez-
ing of the water column H), the ﬂow has to turn equatorward. This is called
topographic steering.
• If a column of water (H = const.) moves equatorward, the planetary vorticity
f decreases and therefore the relative vorticity ζ must increase.
• If the planetary vorticity f = const, i.e. if the latitude is constant, and vor-
tex stretching (∆H > 0) is induced by sinking water masses, then the relative
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vorticity ζ has to increase: This is only possible with lateral or bottom friction.
Therefore only lateral (shear stress of boundary currents) or bottom friction can
balance the vortex stretching induced by sinking.
This theoretical fact is important for the explanation of the ﬁnal results of
this study.
11
Chapter 3
Datasets and Methods
3.1 Datasets and Methods
3.1.1 Argo ﬂoats
Argo ﬂoats (Figure 3.1) are autonomous Lagrangian instruments that ﬂoat with the
ocean currents.
Figure 3.1: Schematic of an Argo ﬂoat [7].
With the help of an external bladder,
the Lagrangian ﬂoats descend to a pro-
grammed parking depth (350 or 1000 m)
where they stay for a speciﬁed period (1-
10 days, mainly 5 days; Figure 3.2, [27]).
Then, they descend to greater depths (up
to 2000 m).
During their ascent back to the surface,
they measure temperature and salinity
throughout the water column. Bio-Argo
ﬂoats additionally measure biogeochemi-
cal parameters such as oxygen, nutrients,
pH and chlorophyll-a. At the surface
they transmit the data to satellites and
descend again. The transmitted data are
stored at data assembly centers (DAC)
which apply a quality control and provide open access to real time and delayed mode
quality controlled data.
Quality controlled Argo ﬂoat data (netcdf ﬁles) were downloaded from the Ifremer
Data Assembly Center (DAC; ftp://ftp.ifremer.fr/ifremer/argo/dac/coriolis/). For
this study, only delayed mode data with the best quality control (qc=1) were taken
into account. Downloaded parameters included ﬂoat number, position, time, pressure,
temperature, and salinity.
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Figure 3.2: Argo cycles [7].
Figure 3.3: Global Argo array in 2017 [7].
ARGO is a global array of 3.800 (2017) free-drifting proﬁling ﬂoats (Figure 3.3).
The Argo data are collected and made freely available by the International Argo
Program and the national programs that contribute to it (http://www.argo.ucsd.edu,
http://argo.jcommops.org). The Argo Program is part of the Global Ocean Observing
System.
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3.1.2 Argo ﬂoat data set for the Levantine Sea
The annual ﬂoat proﬁle distribution within the Levantine Sea and the corresponding
data points and ﬂoat trajectories from 2000 to 2017 are shown in Figure 3.4. The
total number of Argo ﬂoats within the speciﬁed area and time period were 50, the
total number of Argo ﬂoat proﬁles were 8079 and the maximum residence time of one
single ﬂoat was about 6 years, while the mean residence time was about 2 years. The
residence time of all ﬂoats during this period equals to about 100 years.
Total number of ﬂoats: 50
Residence time of all ﬂoats: 102.7 years
Max residence time of one single ﬂoat: 5.8 years
Mean residence time: 2.1 years
Total number of proﬁles: 8079
Figure 3.4: Upper panel: Float proﬁles and ﬂoat trajectories within the Levantine Sea
from 2000 to 2017. Lower Panel: Annual ﬂoat proﬁle distribution within the area of the
Levantine Sea from 2000 to 2017.
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3.1.3 Statistics of ﬂoat speed and residence time
The speed and residence time of diﬀerent water masses give a better understanding
of the general circulation. Therefore the mean ﬂoat speed and mean ﬂoat residence
times have been calculated for two diﬀerent parking depths: PD=350 m (intermediate
layers) and PD=1000 m (deeper waters). Only delayed mode data with the best
quality control (qc=1) were used. Float speed and ﬂoat residence time were calculated
for 1° × 1° bins within the Levantine Sea from 2000 to 2017, using only ﬂoat data
with 5 day cycles. To calculate the speed and residence time, the parameters of ﬂoat
position and time were used. The surfacing time of the ﬂoats (for sending the data
to the satellites) was not considered.
3.1.4 Statistics of mixed layer depth and ocean heat content
The 1°× 1° bin MLD climatologies, derived from Argo ﬂoat data and calculated by a
hybrid algorithm that models the shape of each poﬁle, searching for physical features
to ﬁnd the most suitable MLD, were downloaded from [28]. Mean, maximum and
winter maximum MLD climatologies were plotted from 2000 to 2018 for the area of
the Levantine Sea.
For the 1° × 1° bin climatology of the ocean heat content (OHC), diﬀerent formulas
were found in literature:
1. HC =
∫
ρ(z) ∗ cp ∗ T (z) ∗ dz (Bensi, Rubino)
2. HC =
∫
ρ(z) ∗ cp(θ, S) ∗ θ(z) ∗ dz (Artale)
3. HC =
∫
ρ(z) ∗ cp ∗ θ(z) ∗ dz (paper Vedrana and Jorda et al., 2017)
4. HC =
∫
ρθ(z) ∗ cp(θ, S, z) ∗ θ(z) ∗ dz
where ρ is the density, cp is the speciﬁc heat capacity of seawater, T is the tem-
perature, θ is the potential temperature and ρθ(z) is the potential density.
Formulas 1-4 were plotted and compared to each other (e.g. Figure 3.5 where
Formula (1) was compared to Formula (4)). The results were not inﬂuenced signif-
icantly by using a constant speciﬁc heat capacity, temperature and density instead
of potential temperature, potential density and variable heat capacity and therefore
the mean heat content of the water column (until a maximum of about 2000 m) was
calculated as:
meanHC = mean(cp ∗ θ(z) ∗ ρθ(z)) (3.1)
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Figure 3.5: HC-Formula (1) compared to HC-Formula (4) for the upper 100 m from 2001
to 2015 within the Levantine Sea.
below diﬀerent depths (< 0m, < 50m, < 100m, < 500m).
3.1.5 Argo ﬂoat data set for the Northwestern Levantine Sea
The datasets used for this study are Argo ﬂoats vertical proﬁles of temperature
and salinity (T/S) collected in the NWLS during winter months (January, Febru-
ary, March-JFM) between 2001 and 2017. In total 879 T/S proﬁles from 20 ﬂoats
were analyzed visually (i.e. the shapes of the proﬁles were analyzed). Figure 3.6
shows the position of the Argo ﬂoat proﬁles and the annual distribution of proﬁles for
JFM between 2001 and 2017 for the area of study.
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Figure 3.6: Left: Position of the 879 analyzed ﬂoat proﬁles for January, February, and
March (JFM) 2001-2017; the orange rectangle deﬁnes the area of study (the NWLS), the
black ellipse describes the center of RG. Right: Annual distribution of ﬂoat proﬁles in the
NWLS: JFM 2001-2017.
Hydrographic properties were expressed as potential temperature, potential den-
sity, and salinity according to the practical salinity scale (PSU).
The visual inspection of the Argo ﬂoat proﬁles is important due to the fact that the
Argo ﬂoats may pass an area not exactly during the event of mixing or convection.
They can instead sample days or weeks later when the recapping (i.e., a newly formed
shallow MLD) already occurred. In such a case, MLD detection algorithms indicate
a shallow MLD, but do not give any information about mixing or convection events
before the recapping. While at the top, there can be already a newly formed MLD
and the convection event can still be visible deeper in the water column. MLD de-
tection statistics rarely give information about deep mixing events while the visual
inspection of the form of the proﬁle (potential temperature, salinity, and potential
density) reveals clearly such events. Figure 3.7a shows the climatology of the winter
maximum MLD derived from Argo ﬂoat data and downloaded from [28] in the pe-
riod 2000 to 2018. The maximum MLD is 225 m along the coastline of the NWLS
(Figure 3.7a). The visual inspection of the Argo proﬁles in the same region reveals
deeper dense water formation events. For example, in winter 2007, the ﬂoat WMO
6900098 (Figure 3.7b), moving along the northern coastline of the NWLS, shows the
deepening of the winter MLD from 100 m (Figure 3.7c) to 200 m (Figure 3.7d) in
January. In March, when the maximum MLD is about 550 m, the recapping occurred
(due to surface warming) with a newly formed MLD of about 50 m (Figure 3.7e).
In this case, the MLD detention algorithm can fail, indicating the depth of 50 m as
maximum MLD.
3.1.6 Satellite data
The SST and sea surface height (SSH; see also Chapter 2:Theory)) data were down-
loaded from Copernicus (marine.copernicus.eu). The interpolated SST product 1 has
1 SST_MED_SST_4_NRT_OBSERVATIONS_010_004_c_V2
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Figure 3.7: a) Climatology of the winter maximum mixed layer depth (colors) and location
of ﬂoat proﬁles (grey dots) from 2000 to 2018. The white rectangle indicates the area of
study, the NWLS. b) Trajectory of the ﬂoat WMO 6900098 during JFM 2007; the numbers
along the trajectory show the locations of ﬂoat proﬁles. Float potential density proﬁles at
cycle 2 (c), 5 (d), and 13 (e).
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a daily temporal resolution and a spatial resolution of 0.04◦ × 0.04◦. The inter-
polated SSH product 1 has a daily temporal resolution and a spatial resolution of
0.125◦ × 0.125◦. Monthly means of SST superimposed with the geostrophic currents
from SSH were used to describe the negative slope of eddies within the RG during
intense convection events.
3.1.7 Buoyancy ﬂuxes
The surface buoyancy ﬂux B, composed by thermal (BT ) and haline (BS) components,
was calculated according to [20]:
B = α ∗ g ∗ (C p*ρ0)−1 ∗Qnet− β ∗ S0 ∗ g ∗ (ρ0)−1 ∗ (E − P )
where α is the thermal expansion coeﬃcient, g = 9.8ms−2 is the gravity accel-
eration, Cp = 3.9715 ∗ 10−3Jkg−1K−1 is the speciﬁc heat capacity of sea water,
ρ0 = 1029kgm−3 is a reference sea water density, β is the haline contraction coef-
ﬁcient and S0 = 38.9 is a reference salinity. α and β were calculated at surface
pressure, using monthly mean surface salinity and monthly mean surface tempera-
ture, downloaded from Copernicus (MEDSEA_REANALYSIS_PHYS_006_004).
The freshwater ﬂuxes (E-P) were derived from ERA-INTERIM (daily) data. The
downloaded parameters are evaporation (E) and total precipitation (P). The down-
loaded data have a time step of 12 hours, i.e., daily data at 00:00:00 and at 12:00:00
and a spatial resolution of 0.25◦ × 0.25◦. The daily freshwater ﬂuxes (FWF) were
calculated as the subtraction of the daily means of E and P: FWF = E - P.
The air-sea heat ﬂuxes were derived from ERA-INTERIM (daily) data. The down-
loaded parameters are: Surface net solar radiation (Qsw), surface net thermal radia-
tion (Qlw), surface sensible heat ﬂux (Qs), and surface latent heat ﬂux (Ql). The heat
budget can be expressed as the diﬀerence between the net shortwave solar radiation
(incoming minus reﬂected) absorbed by the sea surface, the sum of the longwave back
radiation, the sensible, the latent, and the advective heat ﬂux. The advective heat
ﬂux (Qadv) was not available at ERA-INTERIM and therefore not considered. The
downloaded data have a time step of 12 hours, i.e., daily data at 00:00:00 and at
12:00:00 and a spatial resolution of 0.25◦ × 0.25◦. The daily mean of each parameter
as well as the daily net heat ﬂuxes were calculated as the sum of the daily means of
each parameter: (Qnet)=(Qsw)+(Qlw)+(Ql)+(Qs). B is positive when surface water
gets lighter and negative when surface water becomes denser (river inputs as well as
horizontal and vertical advection also contribute to density changes, but were not
considered due to the lack of data).
1 SSH_MED_SSH_L4_REP_OBSERVATIONS_010_021
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3.1.8 Turner angle
The Turner angle (Tu) was computed to evaluate the relative roles of temperature
and salinity gradients on the density gradients. Tu is deﬁned as the four-quadrant
arctangent [21], which units are degrees of rotation and was calculated with the Gibbs-
SeaWater (GSW) Oceanographic Toolbox [22]. For the calculations, Argo ﬂoat salinity
and temperature were converted to absolute salinity and to conservative temperature
(conservative temperature represents the heat content more accurately [22]), respec-
tively.
|Tu| < 45◦ indicates stable stratiﬁcation, while |Tu| > 90◦ characterizes a statically
unstable water column (where the Brunt-Väisälä frequency N2 < 0), with respect to
both the temperature and salinity proﬁle. 45◦ < Tu < 90◦ is called the salt ﬁnger
regime, i.e. that the density gradient is mainly inﬂuenced by the salinity gradient,
with the strongest activity near 90◦; −90◦ < Tu < −45◦ is called the diﬀusive regime,
i.e. that the density gradient is mainly determined by the temperature gradient,
reaching the strongest activity near −90◦.
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Chapter 4
Results
4.1 Argo ﬂoat statistics of the Levantine Sea
4.1.1 Float speed and residence time
Argo ﬂoats drift with water masses at diﬀerent programmed parking depths (PD),
mainly at 350 m (intermediate waters) or 1000 m (deep waters). Therefore, the Argo
ﬂoat speed approximately gives the speed of intermediate and deeper water masses.
Float speed and residence time are also useful for further ﬂoat deployments: To ob-
tain a good ﬂoat coverage, the ﬂoat deployments should take place in areas of low
mean residence times, though not in areas of high numbers of lost ﬂoats, e.g. a ﬂoat
deployed at the beginning of the Asia Minor Current (latitude: 35°− 36°, longitude:
34°− 35°) could travel all the Levantine Sea, using its overall cyclonic circulation.
The frequency distribution of ﬂoat speed, the corresponding data points and the
total residence time of single ﬂoats for the two diﬀerent parking depths within the
area of the Levantine Sea from 2000 to 2017 are shown in Figure 4.1. The mean ﬂoat
speed at intermediate depths (PD=350 m) is 3.9 cm/s, while the mean ﬂoat speed at
deeper depths (PD=1000 m) is 2.9 cm/s.
Float deployments, lost ﬂoats, ﬂoats entering, ﬂoats leaving and number of ﬂoat
proﬁles for two diﬀerent parking depths within the Levantine Sea from 2000 to 2017
are shown in Figure 4.2.
Total residence time, mean residence time, standard deviation of mean residence time,
mean speed and standard deviation of mean speed are shown in Figure 4.3.
Most deployments (11) for PD=350 m took place in the area of Cyprus Eddy, while
most deployments (8) for PD=1000 m took place in the area of RG. The highest ﬂoat
losses (13) for both parking depths occurred along the Southern Levantine coastline.
The highest numbers of ﬂoat entering and leaving occurred within the Cyprus Eddy
for PD=350 m and within RG for PD=1000 m. This is due to highest numbers of
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deployments in these areas and due to the anticyclonic and cyclonic nature of Cyprus
Eddy and RG, respectively. The highest numbers of ﬂoat proﬁles for PD=350 m are
located within Cyprus Eddy and within Latakia Eddy (for position of eddies see Fig-
ure 1.4b) and for PD=1000 m within RG and Mersa-Matruh-Eddy.
The highest total residence times (700 days; circa 2 years) at PD=350 m occurred
east to the island of Cyprus, within Cyprus and Latakia Eddy, while highest total res-
idence times (1000 days; circa 2.7 years) at PD=1000 m were located within Rhodes
Gyre. The highest mean residence time (170 days) at PD=350 m occurred within the
’wandering’ Shikmona Eddy, while at PD=1000 m the highest mean residence times
(200 days) were found within RG, Cyprus Eddy and Shikmona Eddy.
Highest mean speed for both parking depths were found along the Mid Mediterranean
Jet (see Figure 1.4b).
From the 1°× 1° plot of mean speed general features like the Mid Mediterranean jet
(MMJ) can be seen. The 1° × 1° plot of mean residence time shows that Levantine
Deep Water (LDW) is trapped within the the two main circulation subsystems of the
Levantine Sea (Rhodes Gyre, Cyprus Eddy) while the LIW is more inﬂuenced by the
upper circulation.
The intermediate water within the Levantine Sea travels with a mean speed of about
3 cm/s (Figure 4.1). This equals (at latitude 35) to about 950 km per year or to
about 10.4 longitudes per year (5.2 longitudes per half a year), assuming that the
LIW follows a straight pathway. Intermediate water that was observed, e.g. at longi-
tude 27, could have been formed half a year earlier e.g. at longitude 32 or at another
formation place. Realistically, it takes much more time due to anticyclonic or cyclonic
structures during the pathway of the intermediate water.
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Figure 4.1: Upper panel left: Proﬁle data points and associated speed with PD=350 m. Upper
panel right: Frequency distribution of ﬂoat speed (PD=350 m). Central panel left: Proﬁle data
points and associated speed with PD=1000 m. Central panel right: Frequency distribution of ﬂoat
speed (PD=1000 m). Lower panel left: Duration of stay of each ﬂoat with PD=350 m within the
area of the Levantine Sea. Lower panel right: Duration of stay of each ﬂoat with PD=1000 m within
the area of the Levantine Sea. From 2000 to 2017.
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Figure 4.2: Float deployments, ﬂoats lost, ﬂoats entering, ﬂoats leaving and number of ﬂoat
proﬁles for PD=350 m (left panel) and for PD=1000 m (right panel) from 2000 to 2017.
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Figure 4.3: Total residence time, mean residence time, standard deviation of mean residence
time, mean speed and standard deviation of mean speed for PD=350 m (left panel) and for
PD=1000 m (right panel) from 2000 to 2017.
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4.1.2 Mixed layer depth
The 1° × 1° climatologies of maximum mixed layer depth, winter maximum mixed
layer depth, winter mean mixed layer depth and the standard deviation of the winter
mean mixed layer depth for the area of the Levantine Sea from 2000 to 2018 are shown
in Figure 4.4. The climatologies of maximum and winter maximum MLD are identical
(Figure 4.4, upper panel), i.e. that the maximum MLDs occur during winter months.
Deep dense water formation events are not indicated by the MLD climatology, due to
the process of recapping (described in Section 3.1.5).
The 1° × 1° climatology of winter mean MLD indicates deepest MLDs within eddies
and gyres (RG, IE, MME, CE, LTE; see Figure 1.4b for position of eddies) and along
the Levantine coastline.
Figure 4.4: Maximum MLD, winter maximum MLD, mean winter MLD and standard
deviation of mean MLD from 2000 to 2017 for PD=350 m (left panel) and for PD=1000 m
(right panel).
4.1.3 Ocean heat content
The 1°×1° climatologies of the mean OHC for the area of the Levantine Sea from 2000
to 2017 are shown in Figure 4.5. The mean OHC was calculated for the entire water
column (until a maximum depth of about 2000 m) below 0 and 50 m (Figure 4.5,
upper panel) and below 100 and 500 m (Figure 4.5, central panel). The mean OHC
is lowest in areas of net upwelling, i.e. in cyclonic structures such as RG and largest
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in areas of net downwelling, i.e. in anticylconic structures such as Cyprus Eddy. The
mean OHC<500 m (Figure 4.5, lower panel) shows strong net downwelling of warmer
surface waters within Cyprus Eddy and along the Cretan Arch passage (as observed
by analyzation of single Argo ﬂoat proﬁles). Also the inﬂuence of the anticyclonic EE,
MME and IE (see Figure 1.4b for position of eddies) on deeper layers (<500 m) can
be seen.
Figure 4.5: Upper panel: Mean OHC (J)<0 m, mean OHC (J)<50 m; lower panel: Mean
OHC (J)<100 m, mean OHC (J)<500 m
Figure 4.6: Climatology of the mean OHC<500 m
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4.2 Levantine intermediate and deep water forma-
tion
4.2.1 Buoyancy, heat and freshwater ﬂuxes within the North-
western Levantine Sea
Dense water formation events depend mainly on the surface buoyancy ﬂuxes B, which
in turn depend on the heat ﬂuxes through the air-sea interface, scaled by the thermal
expansion coeﬃcient α, and the freshwater ﬂuxes, scaled by the haline contraction
coeﬃcient β. Monthly surface buoyancy ﬂuxes and their thermal and haline (fresh-
water) components, integrated over the center of RG (longitude: 28-31 ◦E, latitude:
34-36 ◦N), are shown in Figure 4.7.
The upper panel of Figure 4.7 shows the thermal buoyancy ﬂuxes, while the lower
panel shows the haline and the total buoyancy ﬂuxes. The dense water formation
events (Figure 4.7 (blue and yellow circles); Table 4.1), captured by the Argo ﬂoats
(Table 4.2), occurred after maxima of the haline buoyancy ﬂuxes, i.e. after the highest
evaporation took place, and during minima of the thermal buoyancy ﬂuxes, i.e. during
maximum heat losses.
The haline buoyancy ﬂux is one order larger than the thermal buoyancy ﬂux and
dominates the surface buoyancy ﬂuxes (Figure 4.7, Lower Panel). The total buoyancy
ﬂux is negative, therefore the RG is an area of net buoyancy loss, driven by the haline
component.
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Figure 4.7: Upper panel: Time series of the monthly thermal component (BT ) from 2001 to
2017, integrated over the center of RG (longitude: 28-31°E, latitude: 34-36°N). Blue and yellow
circles indicate events of pronounced dense water formation detected by the Argo ﬂoats within RG
and along the coastline, respectively (Table 4.1). Lower panel: Time series of the monthly haline
component (BS ; magenta line) and buoyancy ﬂuxes (B; black dotted line).
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Table 4.1: Pronounced (mixed layer depth (MLD) >250 m) dense water formation
events within the center of RG and along the Northern coastline: Area of formation,
ﬂoat WMO, time period, watermass characteristics, and maximum depth during the
dense water formation events.
Area of
Forma-
tion
Float
WMO
Time
Period
Water
Mass
Character-
istics
Maximum Depth
RG 6900098 FM 2004 LDW At least 600 m,probably 1000 m 1
RG 6900098 FM 2005 LDW At least 600 m,probably 1000 m 1
RG 6900098 JF 2006 LDW At least 600 m,probably 1000 m 1
RG 6900098 FM 2008 LDW At least 600 m,probably 1000 m 1
COAST 6900098 M 2007 LIW About 550 m
COAST 6900843 FM 2012 LIW About 350 m
COAST 6901824 FM 2015 LIW About 350 m
COAST 6901868 FM 2016 LIW About 300 m
1T-S plots show the formation of dense water with a potential density that corresponds to the
density of the upper deep boundary layer which is found at approximately 1000 m depth.
Table 4.2: Argo ﬂoats capturing pronounced (MLD>250 m) dense water formation
events.
Float Number Float Description
WMO 6900098
Apex Proﬁling Float, Naval Oceanographic Oﬃce
(NAVO). Alive from 20.07.2003 to 19.04.2009, lifetime
approximately 5 years, Parking depth (PD)=1000 m, 5
day cycle.
WMO 69000843 Apex Proﬁling Float, Argomed, Euro-Argo. Alive from03.10.2011 to 31.05.2014, PD=350 m, 5 day cycle.
WMO 6901824
Arvor Proﬁling Float, Argo Italy, Argomed, Euro-Argo.
Alive from 04.11.2013 to 03.02.2018, PD=350 m, 5 day
cycle.
WMO 6901868 Apex Proﬁling Float, Argo Italy, Euro-Argo. Alive from01.12.2014 to 29.07.2017, PD=350 m, 5 day cycle.
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The climatology of monthly heat ﬂuxes Qnet for the center of RG from 2001
to 2017 shows that the largest heat losses which induce the preconditioning phase
occurred mainly in November and in December (Figure 4.8). The subsequent heat
losses in JFM induce the formation of dense water and therefore lead to convection
and mixing.
Figure 4.8: Climatology of monthly heat ﬂuxes from 2001 to 2017, integrated over the center
of RG (longitude: 28-31°E, latitude: 34-36°N). Main heat losses generally occur in November
and December (turquoise bars) and initiate the preconditioning phase. Subsequent heat
losses in January, February, and March induce dense water formation.
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4.2.2 LIW and LDW Formation within the Northwestern
Levantine Sea
Intermediate and deep water formation events in the NWLS (latitude: 33-37 ◦N, lon-
gitude: 26-32 ◦E) were analyzed during the winter months (JFM) from 2001 to 2017
(879 T/S proﬁles from 20 ﬂoats). Most of the ﬂoat proﬁles within the NWLS showed
regular winter MLDs, i.e., MLDs between 100 and 200 m. Pronounced dense water
formation, i.e., with a MLD deeper than 250 m, occurred only within the center of
RG, along the Northern coastline and along the Cretan Arch passage. Events of pro-
nounced LDW (13.7 ℃<potential temperature<14.5 ℃, 38.8 psu<salinity<38.9 psu)
and ’lower range’ LIW (potential temperature around 15 ℃ and salinity around 39
psu) formation were detected within the center of RG in winter 2004, 2005, 2006,
and 2008 and events of pronounced LIW formation (potential temperature>15 ℃
and salinity>39 psu) were detected along the Northern coastline in winter 2007, 2012,
2015 and 2016 (Table 4.1). More than 800 proﬁles of 20 ﬂoats were analyzed, but
only four ﬂoats (Table 4.1,4.2) captured pronounced dense water formation, being at
the right place at the right time. To document the dense water formation events the
ﬂoat had to be either inside or pass later through the area of dense water formation.
Float WMO 6900098 had an exceptionally long lifetime of nearly 6 years and therefore
it was able to capture one event of pronounced LIW formation along the Northern
coastline and four events of pronounced DWF. Unfortunately, it stopped measuring
at 600 m depth. The WMO numbers of the Argo ﬂoats that found pronounced dense
water formation events within the center of RG and along the coastline are listed in
Table 4.2.
4.2.2.1 LDW formation within the Rhodes Gyre
Two examples of LDW formation within RG are given in this subsection.
(1) In JFM 2006, ﬂoat WMO 6900098 was entrapped in the center of RG (Figure
4.9a). Hoevmueller plots of salinity, potential temperature, and potential density
describe two pronounced events of mixing and convection during this winter (Figure
4.9b,c,d). The ﬁrst event occurred by the end of January until mid-February and led
to LDW formation (13.7 ℃<potential temperature<14.5 ℃, 38.8 psu<salinity<38.9
psu) while the second event around mid-March led to LDW and ’lower range’ LIW
(temperature about 15 ℃ and salinity about 39 psu) formation.
In December, very high surface salinity values (S>39.15 psu) were detected in the
upper 50 m (Figure 4.9b). However, mixing and convection is still prevented by
relatively high surface temperatures during December. The surface temperature has
a decreasing trend from 17.5 ℃ by the beginning of December to 15.5 ℃ in early
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January and reached a minimum of about 14 ℃ from the end of January to the end
of February.
Figure 4.9: Upper panel: Left: Mean sea surface height (SSH, m) and ﬂoat trajectory of
ﬂoat WMO 6900098 for JFM 2006; Right: Salinity (PSU). Lower panel: Left: Potential
temperature (℃) and Right: potential density (kgm−3)
From the beginning of March, the surface temperature gradually increased, reach-
ing 15.5 ℃ during March with a successive increase to 17.5 ℃ by the end of April.
The MLD deepens from 50 m within December to about 100 m in the beginning of
January and the high surface salinity is mixed to intermediate layers.
By the end of January, when lowest surface temperatures (T=14-14.5℃) are reached,
dense water formation starts to occur. Potential density reaches its highest values
(29.1 kgm−3) by the end of January until mid-February and the examination of single
proﬁles shows that deep convection takes place down to at least 600 m during this
period.
The Hoevmueller plot of the Turner angle (Figure 4.10) reveals statically unstable
conditions (|Tu|>90 ◦; dark blue and dark red points) from mid-January to the end of
March and indicates the deep dense water formation events down to at least 600 m in
February and March 2006. The deep dense water formation events are characterized
by a stronger contribution of temperature (-45 ◦<Tu<-90 ◦; blue points), while the
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main contributor to the stable stratiﬁcation in December and April is mainly the
salinity (45 ◦<Tu<90 ◦ ; yellow and light orange points).
Figure 4.10: The Turner angle (°) of ﬂoat WMO 6900098 describes the contribution of
salinity and temperature gradients to the density gradient.
The heat and freshwater ﬂuxes, integrated over the center of RG, show an in-
tense preconditioning phase during December 2005, due to strong dry and cold winter
winds which led to heat losses (Figure 4.11a) and evaporation (Figure 4.11b) and con-
sequently to high surface salinity values. Additional heat losses by the end of January
and the beginning of February coincide with the LDW formation event within the RG
described above. The heat losses in mid-March coincide with the second dense water
formation event within RG which led to a mixture of LDW and ’lower range’ LIW
formation.
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Figure 4.11: Upper panel: Time series of daily surface heat ﬂuxes from December 2005
to April 2006, integrated over the center of RG (longitude: 28-31°E, latitude: 34-36°N).
The heat losses by the end of January and mid-February induced deep convection and
formation of Levantine deep water (LDW) while the heat losses in March induced mixing
and formation of LDW and ’lower range’ LIW (see also Figure 4.9). Lower panel: Time
series of daily freshwater ﬂuxes from December 2005 to April 2006, integrated over the
center of RG (longitude: 28-31°E, latitude: 34-36°N). The freshwater ﬂuxes in December
show a strong evaporation which led to increased surface salinity as shown by Argo ﬂoat
data (Figure 4.9b).
This deep convection event from the end of January until mid-February coincides
with a strong depression of SSH within the RG area during that time, overlapping
the exact position of the ﬂoat (longitude: 28.5-29◦E, latitude: 35-35.5◦N ; Figure
4.12 ). Figure 4.12a shows the ﬂoat trajectory and mean SSH of January, February,
and March 2006 while Figure 4.12b,c,d show the negative daily SSH and geostrophic
currents for three speciﬁc days during the period of deep convection event from the
end of January to mid-February. The eddy in which the ﬂoat was trapped, represents
the strongest depression (SSH<-0.3 m; about 20 cm below the seasonal mean (Figure
4.12a)) during winter months reaching a negative maximum during the days of deep
water formation (Figure 4.12b,c,d). The mesoscale eddy during that time shows a
diameter of about 60 km which is within the typical mesoscale eddy diameter within
the Levantine Sea (40-80 km).
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Figure 4.12: a) Trajectory of ﬂoat WMO 6900098 depicted within the white rectangle,
overlaid on mean SSH (m) for JFM 2006 for the NWLS. b-d) daily SSH (m) during the
LDW convection events (from 25 January to 7 February 2006). The mesoscale eddy within
the white box has a diameter of about 60 km.
Figure 4.13 shows the monthly means of satellite SST superimposed on the geostrophic
currents derived from SSH. The deep convection event occurred by the end of January
until mid-February 2006 when the sea surface temperature was lowest. The lowest
surface temperatures measured by the Argo ﬂoat, evidenced within the Hoevmueller
plots (Figure 4.9c), coincide with lowest temperatures by daily satellite SST (Figure
4.13e,f) and with the strongest depression of SSH (Figure 4.12b-d) by the end of Jan-
uary until mid-February.
Figure 4.14 shows the T/S plots for the two events of dense water formation during
JFM 2006. Water masses above 100 m were not taken into account for the T/S plot
to exclude shallow MLDs and recapping and to capture the events of pronounced
intermediate and deep water formation. Water masses from 100 to 500 m are plotted
with a green dot while water masses under 500 m are plotted with blue dots.
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Figure 4.13: Monthly means of sea surface temperature (SST, ℃) and geostrophic currents
for a) December 2005, b) February, c) February and d) March 2006. Daily SST (℃) of e)
2 February 2006 and f) 6 February 2006. Dense water formation and the deep convection
event occurred by the end of January until mid-February when SST was lowest.
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(a)
(b)
Figure 4.14: (a) The temperature and salinity (T-S) plot for ﬂoat WMO 6900098 from 20 Jan-
uary to 20 February 2006 indicates LDW formation. The additional density line with a potential
density value of 29.17 kgm−3 shows the upper deep-water boundary density which corresponds to
approximately 1000 m depth for the NWLS [8]. (b) T-S plot for ﬂoat WMO 6900098 for March
2006 indicates a mixture of LDW and ’lower range’ LIW formation. Green dots represent depths
from 100 to 500 m, while blue dots represent depths from 500 to 600 m.
Figure 4.14a shows the T/S plot for the ﬁrst dense water formation event: The
potential temperature exhibits values smaller than 14.5 ℃, the salinity shows values
smaller than 39 psu, and the potential density shows a constant value of about 29.17
kgm−3. The typical ranges for LDW for potential temperature are between 13.7 ℃
and 14.5 ℃ and for salinity between 38.8 to 38.9 psu [9,16,17]. The potential density
line of 29.17 kgm−3 represents the upper deep-water boundary density for the NWLS,
corresponding to approximately 1000 m depth [23]. All potential temperatures and
salinity values lay on the line of constant potential density of 29.17 kgm−3, i.e., that
the formed water masses sank to at least 1000 m, until the same potential density was
reached. Therefore, the T/S plot conﬁrms that LDW took place during the ﬁrst event
by late January until mid-February (Figure 4.14a). For the dense water formation
event in March 2006, the T/S plot shows potential temperatures smaller than 15 ℃,
salinities smaller than 39.1 psu, and potential densities between 29.125 kgm−3 and
29.17 kgm−3. By nearly reaching 15 ℃ and with some salinity values above 39 psu,
a part of the water mass reaches the lower range of LIW water mass characteristics
(Figure 4.14b). This indicates a mixture of LDW and ’lower range’ LIW formation
during the second dense water formation event within RG.
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(2) LDW formation took also place from the end of February until mid-March
2004 within another cyclonic mesoscale eddy located in the western part of the RG.
Hoevmueller plots for DJFMA for salinity, potential temperature, and potential den-
sity are shown in Figure 4.15. During January and February, the MLD deepens
constantly and the event of LDW formation occurs by the end of February until mid
of March when the minimum surface temperature was reached. The examination of
single proﬁles shows convection down to at least 600 m.
Figure 4.15: a) Mean SSH (m) of the Northwestern Levantine Sea and ﬂoat trajectory
of ﬂoat WMO 6900098 for JFM 2004 (white rectangle). b) Salinity (PSU), c) potential
temperature (℃), and , d) potential density (kgm−3) from December 2003 to April 2004.
The Hoevmueller plot of the Turner angle (Figure 4.16) reveals statically unstable
conditions (|Tu|>90 ◦; dark blue and dark red points) and therefore a continuous
deepening of the MLD from mid-January to mid-March 2004 and indicates the deep
dense water formation events down to 400 m by the end of February and mid-March.
The main contributor to the stable stratiﬁcation in December and April is the salinity
(45 ◦<Tu<90 ◦ ; yellow and light orange points), while the deep dense water formation
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events are also characterized by a stronger contribution of temperature gradients (-45
◦<Tu<-90◦; blue points). Salt-ﬁngering (45 ◦<Tu<90 ◦; yellow points) can be noticed
at a depth of about 350 m.
Figure 4.16: The Turner angle (°) of ﬂoat WMO 6900098 shows the contribution of salinity
and temperature gradients to the density gradient.
The T/S plot of JFM2004 shows mainly LDW formation (Figure 4.17). Green
dots represent water masses between 100 and 500 m while blue dots represent water
masses between 500 and 600 m. The water mass characteristics show LDW and lower
range LIW (potential temperature around 15 ℃ and 39 psu<salinity<39.1 psu) for-
mation.
Figure 4.18 shows: a) the mean SSH for JFM 2004 and the ﬂoat trajectory (lon-
gitude: 27.5 ◦E-28.5 ◦E, latitude: 34.5 ◦N-35 ◦N) during this period and daily SSH
b) before; c) during; and d) after the convection event. A strong powerful structure
develops by mid-February with a negative SSH of more than -0.3 m. Analysis of single
proﬁles shows that on 8 March 2004, a MLD down to about 450 m was formed while
on the surface recapping already took place (newly formed MLD of about 80 m).
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Figure 4.17: T-S plot for ﬂoat WMO 6900098 for JFM 2004. Green dots represent depths from
100 to 500 m while blue dots represent depths from 500 to 600 m.
Figure 4.18: a) Mean SSH (m) for JFM 2004 and ﬂoat trajectory of ﬂoat WMO 6900098 (white
rectangle). b) SSH (m) for the 14 January 2004; ﬂoat proﬁles show ’regular’ winter MLDs around
150 m. c) SSH (m) for the 16 February 2004; ﬂoat proﬁles reveal dense water formation to about
350 m; d) SSH (m) for 8 March 2004; recapping with a newly formed MLD of about 80 m occurred,
while the dense water formation event down to 450 m is still captured by the ﬂoat proﬁle.
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Monthly means of satellite SST are shown in Figure 4.19. The satellite SST
reached a minimum between mid-February and mid-March, i.e., during the event of
deep water formation, and coincides with the surface potential temperature measured
by the Argo ﬂoat (Figure 4.15).
Figure 4.19: Monthly means of the satellite SST (℃) and absolute geostrophic currents
from December 2003 to March 2004. The deep convection event occurred by the end of
February and beginning of March 2004 when SST was lowest. The white rectangle shows
the position of ﬂoat WMO 6900098 during JFM 2004.
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4.2.2.2 LIW formation along the coastline
One example of LIW formation along the coastline is given in this subsection.
While LDW was formed inside RG, typical LIW was instead formed along the North-
ern Turkish coastline, i.e., along the AMC. The salinity, potential temperature, and
potential density values characterize a typical LIW formation event by the end of
March (Figure 4.20).
Figure 4.20: a) Bathymetry of the Northwestern Levantine Sea (m) and ﬂoat trajectory
for ﬂoat WMO 6900096 during JFM 2007. The red circle indicates the position of the ﬂoat
during March when the deep convection event occurred. Hoevmueller plots of b) salinity
(PSU), c) potential temperature (℃), d) potential density (kgm−3).
In December and January, very high surface salinity values (S>39.3 psu) can be
seen in the upper 50 to 100 m (Figure 4.20b). However, deep mixing and convection is
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still prevented by relatively high surface temperatures (T>17 ℃) during this period.
Surface temperature has a decreasing trend from about 20 ℃ by the very beginning
of December to about 17 ℃ in March when deep convection occurs. By the end of
April, the surface temperature gradually increases reaching 17.5 ℃. The observed
surface water temperature along the coastline is about 1 ℃ to 3 ℃ warmer than in
the open sea (Figures 4.9,4.15,4.20). The MLD deepens gradually from about 50 m
within December to about 250 m during February; therefore, the high surface salinity
is mixed throughout intermediate layers (Figure 4.20b). By the end of March, when
lowest surface temperatures are reached (Figure 4.20c), dense water formation starts
to occur. Surface potential density reaches values between 29 and 29.1 kgm−3 during
this period. The examination of single proﬁles shows that the mixing event takes
place down to about 550 m.
The Hoevmueller plot of the Turner angle (Figure 4.21) reveals statically unstable
conditions (|Tu|>90 ◦; dark blue and dark red points) and therefore a continuous
deepening of the MLD in January and February 2007.
Figure 4.21: The Turner angle (°) of ﬂoat WMO 6900098 shows the contribution of salinity
and temperature gradients to the density gradient.
The main contributors to the stratiﬁcation in December are both temperature
and salinity (-45 ◦<Tu<45 ◦), while in April the main contributor is the salinity (45
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◦<Tu<90 ◦; yellow and light orange points). The Turner angle indicates the deep LIW
formation event down to 550 m in March, which is also characterized by a stronger
contribution of temperature gradients (-45 ◦<Tu<-90 ◦; blue points).
The T/S plot for March 2007 reveals the formation of typical LIW, i.e., potential
temperature above 15℃ and salinities higher than 39 psu (Figure 4.22). The potential
density lines of 29-29.06 kgm−3 represent the potential density range of typical LIW
([9], Figure 4.22).
Figure 4.22: T/S plot for ﬂoat WMO 6900098 for March 2007. Green dots represent depths
from 100 to 500 m while blue dots represent depths from 500 to 600 m. The additional
density line with a potential density value of 29.17 kgm−3 shows the upper deep-water
boundary density while the potential density lines of 29-29.06 kgm−3 represent the potential
density range of typical LIW [9].
The evolution of monthly mean SST from December 2007 to March 2007 is shown
in Figure 4.23a-d. The deep convection event that was detected by the Argo ﬂoat
by the end of March 2007, coincides with the strongest depression of SSH and lowest
surface temperatures along the coastline during winter 2007 (Figure 4.23e,f).
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Figure 4.23: Upper and central panel: Monthly mean of satellite SST (℃) from December
2006 to March 2007. Lower panel: SSH (m) and SST (℃) on 30 March 2007, exhibiting
strongest depression of SSH and lowest SST within this area during the whole winter period,
coinciding with the deep dense water formation event. The white circle indicates the ﬂoat
position during March 2007.
4.2.2.3 Climatology of winter mean MLD
The climatology of the winter (JFM) mean MLD from 2000 to 2018 for the Levantine
Sea is shown in Figure 4.24. Within the cyclonic RG, the mean winter MLD is quite
shallow (around 70 m). Deeper mean winter MLDs are found within anticyclonic
eddies (IE, MME, CE, ShE; see Figure 1.4b for position of eddies) and along the
coastlines, indicating dense water formation along boundary currents.
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Figure 4.24: Climatology of the winter (JFM) mean MLD from 2000 to 2018 for the
Levantine Sea.
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4.2.2.4 ’LIW Tracking’ within the Levantine Sea
Diﬀerent regions form diﬀerent intermediate and deeper waters, due to their surface
properties [9]. Therefore, T/S diagrams of Argo ﬂoat data from 2000 to 2017 for
diverse areas within the Levantine Sea were plotted, especially for the LIW-core depth
(200-500 m) during winter months (JFM).
Figure 4.25 shows the T/S plot for the entire area of the Levantine Sea. The diﬀerent
colors display diﬀerent depth intervals (yellow from 0 to 100 m, red from 100 to 200
m, green from 200-500 m and blue from 500 to 2000 m). Surface waters exhibit
the highest temperature and the highest surface salinity values (the highest surface
salinity equals 39.98 psu).
Figure 4.26 shows the characteristics of the LIW (200 to 500 m) for the entire area of
the Levantine Sea (the so-called ’scorpion tail image’ [29]). The LIW-core (depicted
within the red circle), has a potential density of 28.85 kgm−3, a potential temperature
of 16.2 ℃and a salinity of 39.1 psu. The subsurface salinity maximum of 39.42 psu is
depicted within the black circle.
The LIW characteristics for the entire area of the Levantine Sea during the winter
(JFM; Figure 4.27) are characterized by lower temperature values compared to Figure
4.26, while the highest subsurface salinity values are still present.
The T/S plot for the Northwestern Levantine Sea (Figure 4.28) during the winter is
characterized by lower temperature and lower salinity values compared to Figure 4.27.
The T/S plot for the center of RG (Figure 4.29) during the winter is characterized
by even lower temperature and lower salinity values. Most values lay between the
density lines of 29 and 29.17 kgm−3 which represents the upper deep boundary layer
([8]; about 1000 m) and therefore indicates deeper and deep dense water formation
within the center of RG. Deeper Levantine waters are colder but fresher than the
overlaying layers.
The T/S plot for the Northern Levantine coastline during the winter (Figure 4.30,4.31)
reveals the formation of typical LIW: Most potential density values lay between 29
and 29.5 kgm−3.
The T/S plot for the Eastern Levantine coastline during the winter (Figure 4.32)
shows LIW formation and highest subsurface salinity values, including the subsurface
maximum of 39.42 psu.
The T/S plot for the Southern Levantine coastline during the winter (Figure 4.33)
exhibits lowest salinity values (<39.2 psu). This is due to the cyclonic rotation of the
entering Atlantic Water (AW) within the Levantine Sea (see Figure 1.4b); the longer
the distance covered, the more haline (due to evaporation at the air-sea interface) are
the sinking water masses.
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Figure 4.25: Upper panel: T-S plot for the Levantine Sea from 2000 to 2017. Lower panel:
Float proﬁles.
50
Figure 4.26: Upper panel: T-S plot for intermediate layers (200-500 m) within the Levantine
Sea for all months from 2000 to 2017. The red circle indicates the LIW-core and the black
circle highlights the largest subsurface salinity value. Lower panel: Float proﬁles.
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Figure 4.27: Upper panel: T-S plot for intermediate layers (200-500 m) for winter within
the Levantine Sea from 2000 to 2017. Lower panel: Float proﬁles.
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Figure 4.28: Upper panel: T-S plot for intermediate layers (200-500 m) for winter within
the Northwestern Levantine Sea from 2000 to 2017. Lower panel: Float proﬁles.
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Figure 4.29: Upper panel: T-S plot for intermediate layers (200-500 m) for winter within
the center of Rhodes Gyre from 2000 to 2017. Lower panel: Float proﬁles.
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Figure 4.30: Upper panel: T-S plot for intermediate layers (200-500 m) for winter along
the Northwestern coastline from 2000 to 2017. Lower panel: Float proﬁles.
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Figure 4.31: Upper panel: T-S plot for intermediate layers (200-500 m) for winter along
the Northern coastline from 2000 to 2017. Lower panel: Float proﬁles.
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Figure 4.32: Upper panel: T-S plot for intermediate layers (200-500 m) for winter along
the Eastern coastline from 2000 to 2017. Lower panel: Float proﬁles.
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Figure 4.33: Upper panel: T-S plot for intermediate layers (200-500 m) for winter along
the Southern coastline from 2000 to 2017. Lower panel: Float proﬁles.
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Chapter 5
Discussion and Conclusions
5.1 Statistics of the Levantine Sea
5.1.1 Float speed and residence time
The ﬂoat speed and residence time for diﬀerent parking depths give a better un-
derstanding of the circulation of intermediate and deeper water masses and are also
important for a better understanding of ecological issues: Dense water that sinks can
be polluted and travels for decades or centuries before it surfaces at another place
within the Mediterranean Sea (so our children and our great grandchildren will have
to face it!), e.g. 95 % of microplastics in the Northern Adriatic are imported by in-
termediate waters.
To estimate the transport of microplastics it is crucial to know the speed and the res-
idence time of diﬀerent water masses. Therefore the mean ﬂoat speed and the mean
ﬂoat residence time have been calculated and plotted for two diﬀerent parking depths
(PD=350 m and PD=1000 m).
The mean speed of intermediate water (PD=350 m) is 3.9 cm/s and the mean speed
of deeper water (PD=1000 m) is 2.9 cm/s (Figure 4.1,4.2,4.3). A rough estimate of
’travelling time’ of intermediate water is given in Section 4.1.1.
From the 1° × 1° plot of mean speed general features like the Mid Mediterranean
jet (MMJ) can be seen. The 1°× 1° plot of mean residence time reveals that Levan-
tine Deep Water (LDW) is trapped within the the two main circulation subsystems of
the Levantine Sea, i.e. Rhodes Gyre (RG) and Cyprus Eddy, while the LIW is mainly
inﬂuenced by the upper circulation (Figure 4.3).
Float speed and residence time are also useful for further ﬂoat deployments: To obtain
a good ﬂoat coverage of the Levantine Sea, the ﬂoat deployments should take place in
areas of low mean residence times, though not in areas of high numbers of lost ﬂoats,
e.g. a ﬂoat deployed at the beginning of the Asia Minor Current (latitude: 35 °-36 °,
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longitude: 34 °-35 °) could travel all the Levantine Sea, taking advantage of its overall
cyclonic circulation.
5.1.2 Mixed layer depth and ocean heat content
Diapycnal mixing and convection transfer and distribute heat to intermediate, deeper
and abyssal layers [30]. The two phenomena act on diﬀerent time scales [31, 32]. Co-
existing stable stratiﬁcation, deep mixing, intense meridional overturning circulation
and mesoscale eddies aﬀect the heat content distribution within the Eastern Mediter-
ranean surface, intermediate and abyssal waters [33].
In fact, the 1° × 1° climatologies of the mean OHC for the area of the Levantine
Sea from 2000 to 2017 (Figure 4.5) reveals that the mean OHC is lowest in areas
of net upwelling, i.e. in cyclonic structures such as RG and largest in areas of net
downwelling, i.e. in anticylconic structures such as Cyprus Eddy. Also the inﬂuence
of the anticyclonic EE, MME and IE (see Figure 1.4b for position of eddies) on deeper
layers (<500 m) can be seen.
The 1°×1° climatology of the winter mean MLD for the area of the Levantine Sea
from 2000 to 2017 indicates deepest MLDs within eddies and gyres (RG, IE, MME,
CE, LTE; see Figure 1.4b for position of eddies) and along the Levantine coastline.
Deep dense water formation events are not indicated by the MLD climatology, due to
the process of recapping (described in Section 3.1.5).
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5.2 Levantine intermediate and levantine deep wa-
ter formation
The present study is focused on the LIW and LDW formation events in the NWLS
(Figure 5.1a) as detected by Argo ﬂoat data from 2001 to 2017. The new and most in-
teresting result is that the typical LIW (potential temperature>15℃ and salinity>39
psu) formation mainly occurred along the Northern coastline (Figures 4.22,4.30), while
’lower range’ LIW (potential temperature about 15 ℃ and salinity about 39 psu) and
LDW (13.7 ℃<potential temperature<14.5 ℃, 38.8 psu<salinity<38.9 psu) forma-
tion took place within mesoscale eddies located within the center of RG (Figures 5.1a,
4.14a,4.29, Table 4.1).
The schematic summary of the results for the winter seasons from 2001 to 2017 is
evident in Figure 5.1b. Blue and brown arrows describe the convection and net sink-
ing areas of the Mediterranean Sea as derived from theoretical models by [5,22]. Red
and orange arrows are derived from the results of the present work. Red solid and
dashed lines represent the formation of intermediate (200-500 m) and deeper waters
(500-600 m) along the Northern coastline. Orange arrows represent the formation of
intermediate (200-500 m) and deep waters (about 1000 m) within the RG, respec-
tively. The examination of individual proﬁles showed dense water formation events
reaching down to 550 m depth along the coastline and down to 1000 m depth within
the center of RG (Figure 5.1b).
The speciﬁc event of LIW formation, captured by the Argo ﬂoat data in March
2007 along the coastline, reached a depth of about 550 m. The T/S plot (Figure
4.22) showed typical LIW formation during this event and the observed surface water
temperature along the coastline was about 1 ℃ to 3 ℃ warmer than in the open sea
(Figures 4.9,4.15,4.20), in agreement with the results of [34, 35].
In January-February 2006, the Argo ﬂoat data detected LDW formation in the core of
a cyclonic mesoscale structure located in the center of RG. This structure (diameter
of about 60 km) shows the typical horizontal scale of convective chimneys. The T/S
plot in Figure 4.14a reveals the LDW characteristics of the convection event. All po-
tential temperatures and salinity values lay on the line of constant potential density
of 29.17 kgm−3, revealing the sinking of the formed water masses to at least 1000 m
as previously observed [9, 16,17].
The intensity of the mixing and convection events depends mainly on the surface
buoyancy ﬂux B, which in turn depends on its thermal (BT ) and haline (BS) com-
ponents. The calculation and plot of the surface buoyancy ﬂux and its components
revealed that the haline component dominates over the thermal component (Fig-
ure 4.7, lower panel), i.e., intense evaporation (BS<0) controls the surface buoyancy
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Figure 5.1: a) The white rectangle conﬁnes the area of study, the NWLS. Typical LIW
formation was found along the Northern coastline (red arrow), while ’lower range’ LIW
and LDW formation was found within submesoscale eddies within the center of RG (black
ellipse). b) This ﬁgure, adapted from [5], summarizes the obtained results for winter seasons
in the NWLS (yellow rectangle) : Dense water formation along the Northern coastline
reached intermediate (200-500 m; red line) and deeper layers (500-600 m; dashed red line),
while LDW formation within the center of RG reached intermediate and deep layers (at
least 1000 m; orange lines).
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loss, especially during the preconditioning phase (e.g., Figure 4.118 for winter 2006).
Therefore, the area of the RG is an area of net buoyancy loss, driven by the haline
component, as shown by [36].
The inﬂuence of salinity and temperature gradients to the density gradients are de-
scribed in the Hoevmueller diagrams of the Turner angle (Figures 4.10,4.16,4.21).
During the preconditioning phase (November, December) and the constant deepen-
ing of the MLD in the beginning of January, the inﬂuence of the salinity gradient
was dominant, while during strong unstable conditions and consequently dense water
formation, also the temperature gradient was inﬂuential. The Turner angle also ap-
proximately indicated the depth of the convection events.
The deep dense water formation events within the area of the RG can be described
by the following phases: The whole process is inﬂuenced by the cyclonic rotation of
the RG leading to the upwelling of cooler waters to the surface. In November and
December, the preconditioning phase starts (Figures 4.7,4.8): the heat losses due to
cold and dry winds lead to increased surface salinity (Figures 4.9,4.15,4.20) through
the evaporation and to a steady deepening of the MLD. Additional, temporarily out-
breaks of strong winds during January, February, or March cause strong heat losses
(Figures 4.8,4.11), which cause further cooling of surface waters. When lowest surface
temperatures are reached (Figures 4.13,4.19,4.23), dense water formation starts to
occur. Within hours, the newly formed dense water sinks down rapidly to a depth of
equal density where it spreads horizontally, forming an anticyclonic circulation due to
the inﬂuence of the Coriolis force.
The convection event also implicates a stretching of the water column leading to
a change in vorticity, an increased geostrophic velocity, and a depression of the SSH.
In fact, all pronounced dense water formation events documented by the Argo ﬂoats
were indicated by a strong depression of satellite SSH (Figures 4.12,4.18,4.23) and by
lowest SSTs (Figures 4.13,4.19,4.23).
The Argo ﬂoat data revealed that LDW formation took place within the RG dur-
ing winter months and showed the key role of the boundary currents for the LIW
formation. The climatology of the mean MLDs of the Levantine Sea (Figure 4.24)
reveals that, despite the deep convection events, little to net mean sinking takes place
within the center of RG, while the deeper MLDs along the coastline indicate dense
water formation occurring along boundary currents.
Therefore, the drivers, sources, and main contributors of the Mediterranean thermo-
haline circulation have to be rethought not only within the Levantine, but also within
the Mediterranean Sea. Deployments of additional Argo ﬂoats to survey boundary
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currents and deployment of deep Argo ﬂoats within the main Mediterranean convec-
tion sites, i.e., the Gulf of Lion, the South Adriatic, and the RG area, will contribute
to further understanding of dense water formation processes.
A better understanding of the Mediterranean thermohaline circulation is needed not
only for a wider knowledge of the eﬀects of climate change, but also for the impact
on ecology. Newly formed intermediate or deep waters can be polluted (with oil,
microplastics, nutrients from extensive agriculture, heat due to global warming etc.),
e.g., the Northern Levantine coastline, where pronounced dense water formation oc-
curs, has the highest coastline plastic pollution within the Mediterranean Sea [37].
The newly formed water masses with the above-mentioned water properties and pol-
lutants are transported throughout the Mediterranean to ﬁnally reach the Atlantic
Ocean.
The full impact (in terms of pollution and diﬀerent water mass characteristics) will
only be seen by future generations when these water masses emerge after decades or
even centuries at diﬀerent places within the Mediterranean Sea.
Therefore, it is obvious and evident that scientists and policy makers are obliged to
join forces now to support and make commitments towards a real sustainable world
that is not threatening, but protecting our ecosystems and lives.
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